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ABSTRACT 

We calculate nucleosynthesis of proton-rich isotopes in the carbon-deflagration model for Type la 
supernovae (SNe la). The seed abundances are obtained by calculating the s-process nucleosynthesis 
that is expected to occur in the repeating helium shell flashes on the carbon-oxygen (CO) white dwarf 
(WD) during mass accretion from a binary companion. When the deflagration wave passes through 
the outer layer of the CO WD, p- nuclei are produced by photodisintegration reactions on s-nuclei in 
a region with the peak temperature ranging from 1.9 to 3.6 xlO 9 K. We confirm the sensitivity of the 
p-process on the initial distribution of s-nuclei. We show that the initial C/O ratio in the WD does not 
much affect the yield of p- nuclei. On the other hand, the abundance of 22 Ne left after the s-processing 
has a large influence on the p-process via 22 Ne(a,n) reaction. We find that about 50% of p-nuclides 
are co-produced when normalized to their solar abundances in all adopted cases of seed distribution. 
Mo and Ru, which are largely underproduced in Type II supernovae (SNe II), are produced more than 
in SNe II although they are underproduced with respect to the yield levels of other p-nuclides. The 
ratios between p- nuclei and iron in the ejecta are larger than the solar ratios by a factor of 1.2. We 
also compare the yields of oxygen, iron, and p-nuclides in SNe la and SNe II, and suggest that SNe la 
could make a larger contribution than SNe II to the solar system content of p-nuclei. 
Subject headings: Galaxy: abundances - nuclear reactions, nucleosynthesis, abundances - supernovae: 
general 



1. INTRODUCTION 

Stable nuclides of atomic number Z > 34 located 
at the neutron deficient side of the /3 - stabil i ty line 
are c l assified as p-nuclei (e.g. iLambertl Il992t iMeverl 
fl99l lArnould fc Gorielvl 120031) . They consist of 35 
nuclides. The production process of these p-nuclei is 
commonly called the p-process. The process through 
the photodisintegration reactions on the pre-existing 
heavy n uclides is, especially, referred to as the 7 - 
process (IWooslev fc Howardlll978t Howard et"all[l99lf) . 
These nuclides are observed only in the solar system, 
since the abundances are very small, typically 1% or less 
in the isotopes of element (by number). Some primitive 
meteorites which were not in equilibrium with the bulk 
of the solar system materials are also found to contain 
very poor p- nuclei ([Anders fc Grevessill989D . 

Although nucleosynthetic processes to produce p-nuclei 
have been studied for many astrophysical sites, the core- 
collapse supernova (SN) of massive stars with an H-rich 
envelope, i.e., a Type II supern ova (SN II), has been con 
sidered as a plausible site (e.g..lWoosley fc Howardlll978 



Ravet et"aT| IT990: Pra ntzos 
Costa et all 120001: iRausche 



et al.lll990 ; Ravet ct al 



1995 



auscher et al.l l2002t llwamoto et al.l 
20051 : lHavakawa et alJl2004 120061 12008| ). During the SN 
explosion, the 7-process plays an important role in pro- 
ducing p-nuclei in the O- and Ne-rich layers. 
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Many studies of SNe II have shown that about a half 
of p-nuclides are reproduced in the proportion of the so- 
lar p-abundance. However, there remain two unresolved 
problems. First, 92 > 94 Mo, 96 ' 98 Ru, 115 Sn, and 138 La are 
largely underproduced compared with the distribution of 
the solar p-abundances. Second, the contribution of p- 
nuclei from SNe II to their galactic evolution has been 
found t o be smaller than that of 16 Q, the main pr oduct of 
SNe II (jPrantzos et al.lll990l : [Ravet et al.l[jJ95l ). These 
results led them to conclude that SNe II could not be 
responsible for the whole content of solar p-nuclei. 

The p-process nucleosynthesis in a s upercritical ac- 
cretio n disk around a compact object (iFuiimoto et al.l 
120031) and in a .jet- like explosion (INishimura et al.ll2006|) 
has been studied. IHoffman et al.l ([199 6?) suggested that 
nucleosynthesis in the neutrino-driven wind following 
the delayed explosion can produce light p-nuclei, i.e., 
74 Se, 78 Kr, 84 Sr, and 92 Mo. Recently, neutrinos emit- 
ted from the collapsed core has been found to largely 
contribute to the pro duction of 92,94 M o 96 ' 98 Ru, and 
other li ght p-nuclei (IP ruet et al.l 120051 iFrohlich et al.l 
I2006allbl : iPruet et al.l 120061: IWanaidl2006l) . This contri- 
bution might resolve the underproduction of 92,94 Mo and 
96 98 Ru in t]l q_ an ,j Ne-rich layers in SNe II. 

ICosta et"ail (|2000f ) have shown that the second prob- 
lem of underproduction of p-nuclei could be solved if 
the 22 Ne(a, n) 25 Mg reaction rate was larger by a fac- 
tor of ~ 10-50 in the temperature range of the s-process 
during core He burning. However, the unc ertainty they 
expected is too large and now questione d ([Jaeger et al.l 
[20011: IKoehlei1[200a IKarakas et al.|[2006h . On the other 
hand, the second problem might be reconciled by con- 
sidering the contribution of more ener getic SNe (hy- 
pernovae) to the production of p-nuclci (Iwa moto et al.l 
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[2001 Havakawa et all [20081 ) . 

It is less likely that uncertainties of the nuclear reac- 
tion rates such as (7,71), (7, a), and (7,2?) photodisinte- 
grations (and their inverse reactions) for nuclei heavier 
than iron give a significant impact on a p-process yield 
as seen from the sensitivity of th e p-nuclei yields on re - 
action rates (|Rapp et al.ll2006f ). iDillmann etldl (|2008f ) 
have perfor med p-proces s calcu lations for the same SN II 
model as in iRavet et al.l (|1995l ) by utilizing most recent 
stellar (n.,7) cross sections. They found that overpro- 
duction factors for almost all p-nuclides decreased by, on 
average, 7% and that the largest deviation is the reduc- 
ti on in 156 Dy by 39 .2% in comparison with the result 
in iRapp et all (|2006l ). 

The p-process has also been suggested to occur in the 
outermost layer of the exploding carbon-oxygen (CO) 
white dwarf (WD) which is presumed to be a Type la 
super nova CSN la: Howard et aljfl99"lt Howard fe Meverl 
1992 b IGorielv et all 1 20021: 
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Howard et al.l dl99lT calculated the p-process in a 
simple parametric model. In this model, it is assumed 
that the s-process produces seed nuclei with the mass 
number higher than 90 prior to the explosion. The high 
density environment during the passage of the shock 
wave makes proton capture reactions efficient in produc- 
ing light p-nuclides, while the 7-process makes heavier 
p- nuclides. They reproduced the sol ar-like distribution 
of p-nuclei. Howard fc Meverl (|1992f ) calculated the p- 
process nucleosynthesis in the delayed-detonation (DD) 
model and obtained an abundance pattern where the 
abundances of lighter p-nuclei are relatively large. When 
the solar abundance is used for the initial composition, 
the result implies that SN la has very small contribution 
to the galactic content of p-nuclei. However, when the 
s-process is assumed to occur as in the solar metallicity 
asymptotic giant branch (AGB) star, a sufficient yield of 
p-nuclei is obtained. In this case, the underproductions 
of Mo and Ru are reduced, compared to those in SNe II. 
Those authors concluded that contribution of SN la on 
Galactic p-nuclei was still uncertain. It is, therefore, 
w orth further studies. 

IGorielv et all (j2002fl studied the p-proccss nucleosyn- 
thesis in the one-dimensional He-detonation model for a 
sub-Chandrasekhar mass CO WD, where the p-process 
would proceed in the accreting He layer. For the initial 
seed with solar abundances in accreting He-rich materi- 
als, the overproduction of Ca-to-Fe nuclei has been found 
to be a factor of ~ 100 with respect to p-nuclei. This re- 
sult means that the He detonating sub-Chandrasekhar 
mass CO WD model is not an efficient site for the syn- 
thesis of p-nuclci. Meanwhile, they have shown that 
by increasing the abundances of the initial heavy seeds 
with the solar composition by a factor of 100 the p- 
nuclei yields are comparable to those of Ca-to-Fe nu- 
clides. The resulting yields of p-nuclei in their one- 
dimensional model have been confirmed to be very sim- 
ilar to those ca lculated by using a three-dimensional ex- 
plosion model (|Gorielv et al.l 120011 ) . 

In light of the theoretical underproduction of 92,94 Mo 
and 96,98 Ru, a precise measurement of terrest rial abun- 
dance s of those isotopes is needed. Recently, Ide Laeterl 
(2008) has shown that the abundances of p-nuclei of Mo 



and Ru were, on average, 4.3% lower than presently 
known ones. Unfortunately, the large underproduction 
problem of the Mo and Ru isotopes still remains. 

In this paper, we h ave adopted a carbo n-deflagration 
model (W7) for SN la (jNomoto et al.lll984D and analyzed 
the p-process nucleosynthesis. The used trajectories of 
temperature and density in exploding WD are largely dif- 
ferent from those in the DD model by Howard fc Meyer 
( 1992) and in the parametric model by Howard et al. 
(1991). It is, thus, important to investigate the C- 
deflagration model as one of the possible sites for the 
p-process. The structure of this paper is as follows. The 
adopted SN model, nuclear reaction network, and initial 
compositions are described in Section [2j The results for 
some cases of initial compositions are analyzed in Sec- 
tion [3] Finally, we present conclusions in Section 2J 

2. INPUT PHYSICS 
2.1. The Supernova Model 

The adopted SN model is W7 in Nomoto et al. (1984). 
The accreting WD with the initial mass of 1.0 Mq 
has been cooled down for 5.8 x 10 s yr before the on- 
set of mass accretion. This WD has the composition of 
X{ 12 C) = 0.475, X( 16 0) = 0.5, and X( 22 Ne) = 0.025. 
The WD mass increases at the accretion rate of M — 
4 x 10~ 8 Mq yr -1 . When the WD mass approaches 
Mwd = 1.378 Mq, carbon burning is ignited at the 
center. This forms a C-deflagration wave which prop- 
agates outward. The released nuclear energy of about 
10 51 erg exceeds the binding energy of the WD so that 
the whole star is exploded. We use the time variations 
(trajectori es) of temperature a nd density in the explod- 
ing layers (N omoto et al.|[l984l) in order to calculate the 
production of p-nuclei. 

We calculate the p-process nucleosynthesis in the 
heated layers where a peak temperature T m has the 
range of T m:9 = 1.86-3.60 (in units of 10 9 K). The 
corresponding peak densities are p m = 1.28 x 10 7 to 
2.24 x 10 7 g cm~ 3 . These layers are located at mass 
coordinates of 1.143 < M r /M Q < 1.280 and undergo 
explosive carbon and neon burning at a passage of the 
deflagration wave. The representative temperature and 
density trajectories are shown in Figures QJa) andQJb), 
respectively. It should be noted that the yields of p-nuclei 
are very sensitive to the temperature and density tra- 
jectories of exploding WD. The DD and C-deflagration 
(W7) models show completely different characteristics of 
trajectories. In the W7 model, the decreasing timescale 
of temperature in regions of T > 2 x 10 9 K relevant to 
the p-process is 0.15-0.3 s, depending on mass shells. 
This tim escale is ~ 1.5-2 times l onger than in the DD 
model by Howard fc Meverl (|1992f ) and 2-4 times shorter 
than in the parametric model with th e assu mption of 
e-folding time (0.6 s) by Howard et al. (1991). During 
the p-process nucleosynthesis, the density in W7 model 
is higher than in the D D model and in the assumption 
in Howar d~et al.l (|1991l ). The difference in density is also 
important and affects the yields of light p-nuclei resulting 
from proton capture reactions. 

2.2. Nuclear Reaction Network and Initial Composition 

The p-process nucleosynthesis is calculated by using 
the nuclear reaction network, in which 2565 nuclei from 
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neutron and proton to Polonium (Z = 84) are combined 
with neutron, proton, a-induced reactions, and their in- 
verses. We use the nuclear reaction rates based on the 
experiments and the Hauser-Feshbach stat i stical model, 
NON-SMOKER ([Rauscher fc Thielemann! l2000t) . The 
theoretical and experimental /3-decay rates are adopted 
from the REACLIB database (F.-K. Thielemann 1995, 
private communica tion) , which are sup plemented by the 
theoretical rates of lMoller et all (119971). We ta ke the so- 
lar abundances from I Anders fc Grevessd (|1989T ) to calcu- 
late the overproduction factor, X/X Q , of the produced 
p-nuclei, where X is the mass fraction. 

The seed abundances are important to consider the 
nucleosynthesis by the p-process in SNe la. In the W7 
model, materials with solar compositions are accreted 
onto the surface of the CO WD. The accreted H-rich 
materials are transformed into He through the CNO cy- 
cle of H-burning. The main product of the CNO cycle, 
14 N, is left in the He-rich region and is processed to 22 Ne 
through the a capture reactions. The main nuclei in the 
CO WD result in 12 C, 16 0, and 22 Ne. 

The accretion rate for the W7 model is high enough 
to avoid the occurrence of a n He detonation in the sub- 
Chandrasekhar mass stage (Nomoto 1982a, b). Instead, 
He burning is ignited in a very thin shell at the base of 
the He-rich layer where electrons are partially degener- 
ate. The He shell burning becomes thermally unstable 
in these conditions, which are similar to those in the 
He-burning shell of an AGB star. This results in the re- 
peated occurrence of thermal runaway of He burning (He 
shell flash). 

For enhanced p-process to occur in W7 model, s- 
process must occur when the WD mass is 1.143-1.280 
Mq. For such high WD mass (as well as the high-mass 
C+O core of AGB stars), the temperature of the He- 
burning layer is high eno ugh for the 22 Ne(a, n) 25 Mg re- 
action to take place (e.g. lFuiimotolll977t iTruran fc Ibenl 
119771 IStraniero et al.l 120001 ) . There is an important dif- 
ference between the accreting WD and the AGB star, 
i.e., the mass of the H-rich layer in the accreting WD is 
much smaller than the AGB star and thus the entropy 
of the H-layer is much smaller in the WD. Therefore, 
the mixing of H-rich material into the He l ayer is more 
easily to occur ([Sugimoto fc Fuiimotolll978|) . Therefore, 
it is naturally expected that the s-process nucleosyn- 
thesis proceeds through the neutron source reactions of 
22 Ne(a, n) 25 Mg as well as of 13 C(a, n) 16 and finally cre- 
ates a large amount of heavy nuclei. 

The efficiency of the s-process in the accreting CO 
WD remains uncertain, and thus, we calculate the initial 
seed abundances f or the p-process by using the canonical 
s-process model ([Howard et al.l 119861 : lAoki et ail 120031 : 
iTerada eT al. 2006). The nuclear reaction network for the 
s-process includes 602 nuclei connected with t he neutron 
captu re rea ctions, whose rates are taken f rom Ba o et al.l 
([20001) and lRauscher fc Thielem ann! (120001), and the 0- 
decay s, whose rates are adopted from Takahas hi fc Yokoil 
(|1987D and REACLIB. Nuclei above 32 S are included in 
the seed composition since the s-process nucleosynthesis 
is dominant. In this investigation, we assume two sets 
of initial seed abundances with mean neutron exposure 
r = 0.15 (Case A) and 0.33 nib" 1 (Case B) for the 
p-process. Figure [5] shows the seed abundance distribu- 



tions normalized to the solar abundances, and Tables Q] 
and [2] show the seed abundances (by mass) in A and B, 
respectively. The seed abundance of B is fitted to the so- 
lar s-only nuclei, and thus, the distribution is similar to 
the solar s-distribution. The abundances of B are higher 
than those of A because the larger production efficiency 
is needed to get the constant s-distribution normalized 
to solar. 

The He-exhausted core is composed of mainly 12 C 
and 16 0. The C/O abundance ratio (by mass) is as- 
sumed to be 0.95 (Case Al in Table El in the W7 
model. However, the C/O ratio should be changed by, 
e.g., the adopted reaction rate of 12 C(a,7) 16 which 
has a large uncert ainty in the curren t experiments at 
a low energy (e.g., IMakii et al.l 120071) . We investigate 
the influence of the different C/O ratio on the p-process 
nucleosynthesis by changing the C/O ratio from 0.56 
(Case A2) to 2.55 (Case A3). The 22 Ne abundance left 
after the s-processing is also uncertain. The high abun- 
dance of 22 Ne may affect the p-process flows by the pro- 
duction of neutrons through 22 Ne(a, n) 25 Mg reaction. In 
order to investigate the influence, we calculate the case 
in which no 22 Ne abundance is left after the He shell 
flashes as an extreme case (Case A4). The 12 C, 16 0, and 
22 Ne abundances for the adopted cases are summarized 
in Table d 

3. RESULTS 
3.1. Case Al 

Here, we show the result of Case Al, which is consid- 
ered as the standard case in this investigation. 

3.1.1. Abundance Variations of Light Particles, p, n, a 

Figure[3]represents the abundance variations of proton, 
neutron, 4 He, 12 C, 16 0, and 22 Ne in each trajectory as 
a function of time after the onset of explosion. In layer 
1 where the peak temperature attains to T mj g = 3.6, 
16 0+ 16 fusion reaction starts to destroy 16 as the 
temperature increases rapidly. Layers 2-4 are the most 
interesting region as the main site of p-process, where 
explosive C and Ne burning successively occurs. 20 Ne 
first produced is photodisintegrated, and thus, 16 is 
left (Figure EJe)). The explosive C-burning partially op- 
erates in layer 5, but the layer is not important for the 
p-process. 22 Ne is burnt by (a, 7) and (a,n) reactions 
in the layers 1-4. The peak abundances of a-particle are 
X a ~ 10 -5 in all layers, whic h are larger than tho se in 
the p-process in SN e II (e.g.,lPrantzos et"aTj|l990! ). In 
the SN II model of IPrantzos eTal] (fl990h . X a ~ 10" 5 
is realized by the efficient photodisintcgration of Ne 
at Tg ~ 3, but it decreases to X a ~ 10 _7 as the peak 
temperatures decrease. In the SNe la, a particle is also 
produced by the 12 C( 12 C, a) 20 Ne(7, a) in spite of no 
initial 20 Ne abundance. The peak proton and neutron 
abundances are X p ~ 10~ 7 and X n ~ 10 -10 , respec- 
tively, which are also larger than those in SNe II. 

In the present model, neutron is produced mainly by 
the 22 Ne(a, n) reaction. The peak neutron number den- 
sity is N n ~ 10 22 -10 23 cm -3 , which is almost equiva- 
lent to that i n the He-detonation of sub-Chandrasekhar- 
mass model (|Gorielv et al.l [20021) . On the other hand, 
the peak proton mass fraction is about five orders of 
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magnitude smaller than that in the He-detonation model 
(I p ~ 6 x 1CT 3 in the He- rich layer with T ro)9 > 3). In 
the He-detonation model, the plenty of a-particles are 
present in the region where the p-process occurs and lead 
to the production of a-elements such as 40 Ca and 44 Ti. 
Further radiative a-captures bring the nuclear flow to 
the proton-rich side of the /3-stability line, and then are 
followed by (a,p) reactions. This results in the very high 
proton mass fraction. In the C-deflagration model, on 
the contrary, the overproduction of proton does not take 
place, since the p-process occurs in outer CO-rich layers 
as explained below. 

3.1.2. Nuclear Flow 

The general production trends of various p-nuclei are 
understood through the analysis of nuclear flows. First, 
we see a nuclear flow in the layers with a high peak tem- 
perature. After a passage of the deflagration wave the 
high neutron density produced brings almost all the seed 
nuclei to the neutron-rich side through (n, 7) reactions. 
In this C-deflagration model, the abundances move to 
more neutron-rich region than in SNe II. 

(1) When the temperature exceeds Tq ~ 2, (7, n) reac- 
tions bring back the nuclear flow to the /3-stability line 
and further to the neutron-deficient region. There is a 
little flow which results in a leakage to lower Z through 
(7,p) and (7,0) photodisintegrations. 

(2) Furthermore, when the temperature exceeds Tg ~ 
3 5 (7)2>) a- n d (7,0;) reactions become dominant, which 
drives nuclear materials from the neutron-deficient, high 
A region down toward the iron-peak element region. This 
flow to the iron-peak elements is terminated, since the 
photodisintegrations freeze out as the temperature of the 
heated layers decreases. 

(3) In the layer with T m ^g ~ 2.6, the (7,71) reactions 
are predominant to the seed nuclei with neutron number 
N > 82 and create the production peak for most of the 
p-nuclei with N > 82. This result is seen for 196 Hg in 
Figured] 180 Ta, which is one of the rare nuclei in nature, 
is produced directly through the photodisintegration of 
181 Ta in Figure 0J We note that the production of 180 Ta 
might become efficient even in l ayers with lower pea k 
temperatures (T m< g = 1.8-2.6; iPrantzos et all rT990h . 
Unfortunately, we cannot investigate the p-process nu- 
cleosynthesis in such layers. 5 

(4) In a somewhat higher peak temperature region 
(2m, 9 ~ 2.7-2.9), (7,11) reactions drive the nuclear flow 
to a sufficiently neutron-deficient region, and then, (7,p) 
and (7, a) reactions get effective to destroy seed nuclei 
with TV > 82. Large amounts of heavy p- nuclei with 
N > 82 are produced in this peak temperature range 
from /3 + -decays of unstable isobars after freezing-out of 
the nuclear reactions. For example, the second produc- 
tion peak is found for 196 Hg in Figure [4] The production 
of intermediate-mass p-nuclei with 50 < N < 82 (es- 

4 We checked the p-process calculation in the following approx- 
imate model of SNe II. The temperature and density are given by 
T(t) = T m exp(— t/3r x) and p(t) = p m exp(— t/r cx ), respectively, 
where r ex is the expansion timescale taken to be 0.4 46 s and 1 s, 
and p m = 10 6 g cm -3 . This setup is the same as in lRavet et al.l 
tl99Ch . 

5 A mesh zoning in the outer layer of the W7 model was sparse. 
This is because this region is not so important for main nucleosyn- 
thesis in SN la. 



pecially, 113 In, 115 Sn, 120 Te, 126 Xe, 132 Ba, 138 La, and 
136 ' 138 Ce) already proceeds by (7, n) photodisintegra- 
tions in this region. 

(5) In the layers where the peak temperatures reach 
T m! g ~ 2.9-3.2, most of the intermediate-mass seed 
nuclei experience photodisintegrations. Then, the 
intermediate-mass p-nuclei are abundantly produced 
mainly through the /3 + -decays of unstable neutron- 
deficient isobars. 

(6) In the layers with T m ,g = 3.2-3.3 92 > 94 Mo, 96 ' 98 Ru 
and 102 Pd show production peaks, but the abundances 
rapidly decrease when the peak temperature exceeds 
T m! g = 3.3. Finally, all the N > 50 seed nuclei 
are photodisintegrated to the iron-peak elements. Only 
N < 50 p-nuclides ( 74 Se, 78 Kr, and 84 Sr) are produced 
in the layers with T mj g = 3.3-3.6. In these hottest lay- 
ers, the 16 0(7,a) 12 C reaction produces 12 C, and follow- 
ing 12 C+ 12 C fusion reaction produces protons and a- 
particles which are identified as the second peak of their 
abundances in Figures EJa) and[3jc). The synthesis of 
74 Se, 78 Kr, and 84 Sr through proton captures, therefore, 
becomes effective. This results in the increases in the rel- 
ative yields of the three p- nuclides and the slight increase 
in the mean average overproduction factor. However, 
we find that even at those high temperatures and even 
for the lightest three p-nuclei, the contribution of proton 
capture reactions to the production does not exceed that 
of photodisintegration. 

3.1.3. Yields of p-nuclei 

We calculate the overproduction factor F = X/Xq 
which is the ratio between the produced abundances and 
the corresponding solar abundances for 35 p-nuclides in 
the 21 trajectories. The overproduction factors for five 
p-nuclides are plotted as a function of T m in Figure |4j 
T he selected nucl i des ar e the same as those in Figure 3 
of IPrantzos et all (|1990l ). It is seen from Figure U that 
each nucleus is produced in a narrow range of the peak 
temperature. 

There is one clear difference between SNe la and 
SNe II. The temperature ranges for productions of p- 
nuclei in SNe la are shifted to hotter layers than in SNe II 
(jPrantzos et al. 199(3). In addition, in the W7 model the 
density of the p-process site (~ 10 7 g cm~ 3 ) before the 
explosion is higher than in SNe II (~ 10 5 g cm -3 ). Thus, 
the number of particles (baryons) is larger in SNe la and 
the particle-induced reactions are more dominant than 
in SNe II. It is also the reason why neutron capture reac- 
tions, which become efficient at first in this calculation, 
drive the nuclear flow into the neutron-rich region far 
from /3-stability line (Section [3] 1.1.). The peak temper- 
ature, at which photodisintegration gets predominant, is 
thus higher in SNe la so that the peak temperature re- 
gion, in which p-nuclei are created, totally shifts to higher 
one than in SNe II. 

The overproduction factor averaged over the consid- 
ered p-process layers is calculated for a p-nucleus by the 
prescription 

N 

where Fj is the overproduction factor in a trajectory 
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j, Mj is the Lagrangian mass coordinate of jth trajec- 
tory, and M p is the total mass (0.137 M ) of the p- 
process layer. We define the mean overproduction factor 
as Fa — J2i(F)i/35, where i is a species of p-nucleus 
and the summation is taken for (F) values of 35 p-nuclei. 
Figure [5] shows the (F) values normalized to Fq, in which 
the filled circles represent the result for Case Al. The 
numerical values for these quantities are listed in Table 

HI 

In Case Al, 19 of 35 p- nuclides are produced in 
amounts within a factor of three around the mean of 
Fq = 4657. As mentioned above, the peak tempera- 
tures of the used trajectories do not involve the range 
of 1.9 < T mt g < 2.6. Hence, some degrees of increase in 
yields are expected in a C-deflagration model with finer 
mesh zoning for nuclei of which their production yields 
increase in the peak temperature region of T m 9 < 2.6 
(i.e., 138 La, 152 Gd, 156 > 158 Dy, ™^i E ^ W8 Yh ^ 17^ 
180 Ta, 184 0s, and 196 Hg). Taking this fact into account, 
115 Sn might be the only p- nuclide which is markedly un- 
derproduced. 

We compare the result of Case Al with previous works. 
The pattern of normalized average overproduction fac- 
tor (F) /Fq for p-nuclides in this c alculation is very sim- 
ilar to that in the SNe II models (|Prantzos et al.lli990t 
iRavet et al.l 119951) . For instance, the lightest three nu- 
clides ( 74 Se, 78 Kr, and 84 Sr) are produced more than the 
underproduced Mo and Ru isotopes. In the intermediate- 
mass p-nuclides, 113 In and 115 Sn are also underabundant 
while the other nuclei show their nearly equal overpro- 
ductions. The most remarkable difference is that in the 
C-dcflagration model, severe underproductions of the Mo 
and Ru p-isotopes, which are the most puzzling prob- 
lem of the p-pro cess in SNe II (|Prantzos et al.l 1199(31 
IRavet et al.lll995l) . are reduced by a factor of ~ 6-12. 
However, they still remain underproduced with respect 
to the mean production level for 35 p-nuclei. 

3.2. Effect of the Initial Composition of the WD Core 
on Yields of p -nuclides 

3.2.1. Effect of C/O Ratio 

We investigate the effect of the change in the abun- 
dance ratio between 12 C and 16 on the p-process nucle- 
osynthesis, keeping the initial abundances of 22 Ne and 
s-nuclei (Case A) fixed. Figure [6] shows the normalized 
average overproduction factors calculated for Cases A2 
(stars), Al (circles), and A3 (triangles) in the increasing 
order of 12 C/ 16 ratio. The mean value Fq for each case 
is listed in the fifth column of Table |3l For the larger 
C/O ratio, the relative yields of 74 Se, 78 Kr, and 84 Sr are 
larger, and those of 115 Sn, 138 La, 180 Ta, and 184 0s are 
smaller, although all the differences are slight. There 
is little variation in the overproductions Fq (Table |3]). 
We, thus, conclude that the nucleosynthetic results of 
p-process are not so sensitive to the abundance ratio be- 
tween 12 C and 16 if the ratio does not affect much the 
explosion timescale. It should be noted, however, that 
a variation of the C/O ratio could have an influence on 
the produced amount and pattern of p- nuclei by strongly 
affecting the explosion timescale. 

From a comparison of the nuclear flows in Cases Al- 
A3, we note the following results. In layer 5 of Fig- 
ure [3j partial C-burning triggers the production of pro- 



tons and a-particles. The abundance of a-particle is, 
therefore, higher when the C/O ratio is larger. Then, 
the 22 Ne+a reaction proceeds more efficiently, so that 
the 22 Ne(a, n) 25 Mg reaction supplies more neutrons for 
larger C/O ratio. 

3.2.2. Effect of 22 Ne Abundance 

Second, we investigate the effect of 22 Ne abundance on 
the p-process yields by comparing the result of Case Al 
with A4. In Case A4, the initial abundance of 22 Ne is 
assumed to be zero in order to examine the extreme case. 

We compare the abundances of light particles in Al 
with A4. The neutron abundances in A4 are 10-100 
times smaller than those in Al in the whole range of 
p-process layer. This is because the neutron supply 
through 22 Ne(a, n) 25 Mg reaction decreases due to no ini- 
tial abundance of 22 Ne. Therefore, the nuclear flow does 
not reach so neutron-rich region in A4 at an early phase 
of the deflagration wave passage, while a larger amount 
of neutrons in Al drive it to a more neutron-rich region. 

The ratios of the (F) of each p- nuclide in Al and A4 are 
plotted in Figure[7] It is found that 74 Se, 78 Kr, 84 Sr, and 
92 Mo are produced more abundantly in A4. Since the 
values of Fq except for those four nuclei are almost the 
same (~ 4930), their efficient productions are responsible 
for the increase of Fq in A4. 

Next, we investigate the differences of nuclear flow be- 
tween Al and A4. In the case of Al, 74 Se is created by 
75 Se(7, n) reaction in layer 1, but the (7,71), (7,p), and 
(7, a) reactions photodisintegrate it. Also in layers 2-4, 
the 75 Se(7,n) reaction produces 74 Se, but supplemented 
by 73 As(p, 7) reaction with a small contribution. For the 
production of 78 Kr, 79 Kr(7, n) reaction is important in 
layer 1, but Kr is photodisintegrated by (7,p) reaction. 
In layers 2 and 3, 78 Kr is produced by 79 Kr(7, n) reaction, 
together with a small contribution by 77 Br(p, 7) reaction. 
However, in layer 4 77 Br(p, 7) is a main production re- 
action of 78 Kr. For 84 Sr, 85 Sr(7,rt) reaction produces 
it in layers 1-3, but in layer 1 (7, n) and (7,p) reac- 
tions destruct 84 Sr. In layer 4, 83 Rb(p, 7) and 85 Sr(7,n) 
reactions enhance the abundance of 84 Sr. 92 Mo is cre- 
ated by the nuclear flow from 93 Mo(7, n), 93 Tc(7,p), and 
96 Ru(7, a) reactions, but the produced 92 Mo is soon de- 
structed by (7,p) reaction. In layers 2-4, 93 Mo(7,n) re- 
action dominates to produce 92 Mo. 

In contrast, the proton abundances in A4 are by a 
factor of ~ 10 larger than those in Al. This implies 
that the larger amount of protons involves the produc- 
tion of the four p-nuclei. In the case of A4, 73 As(p, 7) and 
75 Se(7, n) reactions first create 74 Se in layer 1. After the 
peak temperature exceeds Tg = 3, (7,p), (7, a) and (7, n) 
photodisintegrations overcome the production reaction of 
75 Se(7, n) and destruct 74 Se. In layers 2-4, the contribu- 
tion of 73 As(p, 7) reaction to the production of 74 Se dom- 
inates that of 75 Se(7,n) and 75 Br(7,p) reactions. The 
production of 78 Kr comes from 79 Kr(7, n) reaction, to- 
gether with minor contribution of 77 Br(p, 7) reaction in 
layer 1, but the produced 78 Kr is destructed by (7,p) 
reaction. In layers 2-4, the 77 Br(p, 7) is the dominant 
reaction to produce 78 Kr, compared to 79 Kr(7,n) reac- 
tion. For 84 Sr, the production and destruction processes 
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in layer 1 of A4 are almost the same as in Al. However, 
in layers 2-4 83 Rb(p, 7) reaction has also some contribu- 
tions to the production of 84 Sr, together with 85 Sr(7,n) 
reaction. For 92 Mo, the production and destruction pro- 
cesses in layer 1 of A4 are the same as in Al. In layers 
2-4, 91 Nb(p, 7) reaction is important to produce Mo 
and there is a small contribution of 93 Mo(7,n). This 
result is largely different from the case of Al. Thus, 
proton capture reactions have an important role in the 
production of lightest four p-nuclides. Figure [5] shows 
the overproduction factor of 74 Se as a function of peak 
temperature for Al and A4. The important contribution 
of proton captures to the production of 74 Se is found in 
the layer with the peak temperature Tg < 3.3. The pro- 
duction region of almost all p-nuclides extends to cooler 
layers in A4 than in Al. 

Figure [7] reveals that 180 Ta and 184 0s are underpro- 
duced in A4, compared to Al. The abundance peak 
of these two p-nuclei in Al is found to be in the layer 
with T mi9 = 2.6. 6 In the layer, 180 Ta is first cre- 
ated by 181 Ta(7,n) reaction, which is later destructed 
by 180 Ta(7, n) reaction as the temperature increases to 
its peak. The production and destruction timescales of 
180 Ta depend on the inverse reactions. This is because 
the nuclear flow from 180 Ta to 179 Ta depends on the 
rates of 180 Ta(7, n) and 179 Ta(n, 7) reactions. The reac- 
tion rate of photodisintegration is a function of tempera- 
ture only. However, the reaction rate of neutron capture 
is dependent on the temperature, density, and neutron 
abundance which is larger in Al than in A4. Thus, the 
contribution of neutron capture reactions in Al is more 
important than in A4, and the destruction timescale of 
180 Ta in Al is longer than in A4. These facts lead to a 
larger abundance of 180 Ta in Al left after the termination 
of nuclear processing. 

The situation for the production of 184 0s is simi- 
lar to that for 180 Ta. The production and destruction 
processes of 184 0s are the competition between photo- 
disintegrations on 184 Os and 185 Os and neutron cap- 
ture reactions on 183 0s and 184 0s. The nuclear flux of 
185 0s(7, n) 184 0s(7, n) 183 0s in Al is relatively small due 
to a larger amount of neutrons than in A4. In addition, 
183 0s(n,7) creates 184 0s in the later phase of explosion 
in Al. As a result, the final abundance of 184 0s is by a 
factor of 15 larger in Al. 

3.3. Effect of the Initial Abundances of s -nuclei on 
Yields of p '-nuclei 

Here, we examine the impact of different seed distri- 
butions of Cases A (A1-A4) and B with the enhance- 
ment from the solar abundance of heavy nuclei. In this 
investigation, we compare Al with B, which has similar 
abundances to Al for 12 C, 16 0, and 22 Ne in the CO core. 

Figure [2] shows that the overabundances of s- nuclei in 
Case B are by factors of 10-100 larger than those in A. 
Especially, in B heavy seed s-nuclei with A > 140 are 
about 100 times more abundant than in A. This leads to 
the increase of Fq by a factor of 50 in B, relative to A. 
This increase is seen for each p-nuclide in Figure [SJ in 

6 The zoning of W7 model in the outermost layer is relatively 
coarse. If the finer zones were used, the abundance peak of 180 Ta 
and 184 Os would appear in the outer layer where T mi g would be 
lower than 2.6. 



which the normalized (F) is presented for Cases Al and 
B. The values of normalized (F) for heavy p-nuclei with 
A > 140, especially 168 Yb, 174 Hf, 180 W, and 196 Hg, are 
larger than those in A. In contrast, lighter p-nuclei have 
smaller values in B than those in A. In particular, 74 Se- 
98 Ru shows significant reductions, which come from the 
decrease in relative abundances of seed nuclei near the 
p- nuclei, compared to heavy seed nuclei with A > 140. 

The resulting distribution of p- nuclei shows important 
decreases in 74 Se- 98 Ru as seen in B, if the distribution of 
heavy seed s-nuclei is similar to that of the solar distri- 
bution. This result is analogous to that obtained by the 
p-process in SNe II, but with the even worse reduction 
of 74 Se- 84 Sr. Thus, we find that the distribution simi- 
lar to that of the solar p-nuclei is obtained by the seed 
distribution attributed to the s-proc ess under an environ - 
ment with metallicity close to solar ()Gallino et alj fi998). 
although main neutron source might be 22 Ne(a, n) reac- 
tion. 

The presupernova abundance of s-nuclei in the WD 
thus has a large impact on the p-process nucleosynthesis 
and is very crucial for the resulting yields of p-nuclei. 

3.4. Contribution of C- deflagration SNe to the Galactic 
Yields of p-nuclei 

The biggest question concerning the p-process nucle- 
osynthesis is where the main production site is. In order 
to investigate this question, we estimate the contribu- 
tion of SN la to galactic chemical evolution of p-nuclei 
by comparing the ejected mass of 56 Fe, a main product 
of SN la, with those of p-nuclei in Case Al. 

Here, we introduce a net yield of each nuclide in SNe la, 
defined as a difference between the mass of the nuclide 
returned to the interstellar space at the SN explosion 
and the mass engulfed into a star at its birth. The p- 
nuclei present at the star formation remain inside the p- 
process layer before the explosion, but they are destroyed 
by photodisintegrations. In addition, we assume that 
the p-nuclei present in an accreted matter are burned by 
neutron capture during the s-process developing in the 
He intershell (see, e.g., Tables [T] and [2]) . Therefore, the 
p-nuclei ejected from the SN la explosion are only those 
ultimately produced in the p-process layer. 

Assuming that the mass of CO core in the WD is ap- 
proximately equal to that of the whole WD, the net yield 
for p-nuclide i is given by 

y l = X h(I) ((F) l M p -M WD ), (2) 

where M W n = 1. 378M m is the mass of the WD 
(jNomoto et al.l 119841 ) and A^.o is the solar mass frac- 
tion of p-nuclide i. The above prescription could also be 
applied to 56 Fe, so that the net yield of 56 Fe is 

2/56 Fc = A56 FcQ (M56 Fo /A56 FeiQ — M WD ), (3) 

where Ms6 Fe is the mass of 56 Fe ejected by an SN la and 
Xsepe q = 1.17 x 10~ 3 is the solar mass fraction of 56 Fe. 
By taking a ratio between these quantities normalized 
to the corresponding solar mass fraction for respective 
nuclides, we can evaluate how many SN la events con- 
tribute to the galactic chemical evolution of one nuclide. 
The calculated ratio of yields between 56 Fe and a repre- 
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sentative p-nucleus is as follows: 

56 Fe/^ ^ 6 Fe/Xae Fe , 

(1/35)^x1/^,0 

_ M56 Fc /X56 Fg q - Af WD 

~~ F M P - M W d 

where the yield of the p-nucleus is derived by summing 
the net yields of each p-nuclide and averaging it over 35 
p- nuclei. 

The yield ratio ( 16 0/p) between 16 and the repre- 
sentative p-nucleus is also defined in the same way in 
which the solar mass fraction of 16 O is assumed to be 
Xwq q = 9.59 x 10~ 3 . In this C-deflagration model for 
an SN la, we obtain 56 Fe/p = 0.82 and 16 0/p = 0.023 
for Case Al (jTsuiimoto et al.|[l995|) . These results indi- 
cate that p- nuclei are produced more than 56 Fe and 16 O 
when normalized to their solar abundances. We, there- 
fore, conclude that SNe la can account for the galac- 
tic content of p-nuclei assuming that the seed s-nuclci 
are produced efficiently up to the overproduction level of 
~ 10 3 in He-rich layer accreting onto the degenerate CO 
WD. 

3.5. Comparison with Previous p-process Calculations 

iGorielv et ail (|2002ft calculated p-process nucleosyn- 
thesis in the sub-Chandrasekhar mass He-detonation 
model. The stable nuclei from Ca to Fe are overabun- 
dant with respect to p-nuclei by a factor of ~ 100. They, 
therefore, concluded that the He-detonation model is not 
an efficient sit e for production of p-nuclei. Nevertheless, 
IGorielv et al.l claimed that if the initial abundances of 
s-nuclei are enhanced over their solar values by a factor 
of 100, p-nuclei are produced at the same level as Ca- 
Fe, while such enhancement of the s-nuclei is not trivial 
in the He-detonation model. On the other hand, in the 
present C-deflagration model the overproduction factors 
for ejected p-nuclides and stable nuclides lighter than Fe- 
group elements are plotted as a function of mass number 
in Figure |9] and are listed in Table [5l From this figure, it 
is found that -Fba-Fc ~ F p is realized with some enhance- 
ments of heavy seed nuclei, which are a natural conse- 
quence from the accretion of H-rich matter onto a CO 
WD with an appropriate rate of mass accretion, although 
the enhancement level of heavy seed nuclei remains am- 
biguous. This means that the C-deflagration model is 
^100 times more effective in enriching a galaxy with p- 
nuclei, if the assumed level of enhancement is valid. 

As mentioned in Section 1, the DD model for SNe la 
may also produce an important amount of p-nuclei if the 
prior enhancement of s-nuclei in a Chandrasekhar mass 
WD model is taken into account (Howard fe Meverlll992| ) 
as in our present assumptions. However, the enhance- 
ment of s-nuclei is not trivial for the double degenerate 
s cenario of SN la in a Chand rasekhar mass model. 

lArnould fe Gorieiyj ([2003) have calculated the p- 
process nucleosynthesis in the W7 model for SNe la 
adopting two cases as an initial abundance of heavy seed 
nuclei. The result i ng pa ttern of yields of p-nuclei in 
lArnould fe Goriefvl (|2003l) under the assumption of the 
solar abundance for initial seed shows the following dif- 
ference from our C ase A. Normalized abunda nces of p- 
nuclei for Mo-Ce in lArnould fe Gorielvl (j2003) are much 



smaller, but those for heavier p-nuclei are larger. This 
trend represents the solar abundance of p-nuclei them- 
selves. On the other hand, their result for the initial 
seed distribution representative of the s-process in AGB 
stars of the solar metallicity is similar to that of Case 
A. It is, however, found that there e xists a difference of 
the pa ttern between our Case A and lArnould fe Gorielvl 
(2003) for p-nuclei with N > 82, while the pattern for p- 
nuclei with N < 82 is similar. This result represents that 
the abundance pattern for heavier p-nuclei is very sensi- 
tive to initial seed distributions. It should be noted that 
the differences in yields of 113 In, 158 Dy, and 190 Pt are 
lar ger than those with i n nuc lear uncertainties evaluated 
b y lArnould fe Gorielvl (I20031) . 

iPrantzos et al.l ()1990D studied the p-process in SNe II 
using the model for SN1987A, and obtained Fq/F p 
(w 16 0/p) ~ 12, where Fo stands for the overproduc- 
tion factor of oxygen. They claimed that the solar sys- 
tem content of p-nuclei does not come from SN1987A-likc 
SNe. One reason may be attributed to the abundances 
of seed nuclei whic h reflect low meta llicity in the Large 
Magellanic Cloud. iRayet et al.l (|1995l ) derived the ratios 
of yields for oxygen and p-nuclei from star models with 
masses of 13, 15, 20, and 25 Mq and averaged them over 
the initial mass function (IMF). They found that the 
resulting ratio was Fq/F p — 4.2. These results, thus, 
imply that p-nuclei are not sufficiently produced, com- 
pared to the main product in SNe II and suggest that 
the other production sites have an important contribu- 
tion to the galactic evolution of p-nuclei. Accordingly, 
the C-deflagration model for SNe la is one of the promis- 
ing sites for the p-process because sufficient amounts of 
p-nuclei are produced relative to 16 within our assump- 
tions. 

Using the results of this study and previous works, 
we estimate how many SNe la and SNe II contribute 
to the galactic evolution of p-nuclei. We assume that 
all SNe la would typically experience the p-process as in 
Case Al. First, we adopt the ratios of overproduction 
factors 56 Fe/p = 0.82 for our SN l a model and 16 0/p 
= 4.2 for SNe II (jRavet et al.lll995f ). We also take the 
ejected masses of 16 and 56 Fe from the W7 model for 
SN la and t he IMF-averaged mass es of these nuclides 
from SNe II (|Tsujimoto et al.lH99l . These masses nor- 
malized to the corresponding solar abundances are sum- 
marized in Table [SJ Values for p-nuclei are estimated 
from the yield ratios between p-nuclei and the main prod- 
ucts ( 56 Fe for SN la and 16 for SN II). In order to com- 
pare these yields between SN la and SN II, we adopt the 
ratio of the occ urrence frequency of SNe la to that of 
SNe II, ~ 0.15 (|Tsujimoto et all 119951 ). From the val- 
ues in Table [JJ we find that SNe la contribute about 
70% of the p-nuclei in the solar system. It should be 
noted that there is still a small underproduction of p- 
nuclei with respect to 16 0, i.e., 16 0/p = 2/1.46 = 1.4, 
while the ratio of the yields between 56 Fe and p-nuclei al- 
most agrees with that of the solar abundance, i.e., 56 Fe/p 
= 1.57/1.46 = 1.1. 

4. CONCLUSIONS 

We calculate the p-process nucleosynthesis in the 
carbon-deflagration model for SNe la (W7 model in 
Nomoto et al. 1984) with realistic initial abundances 
of s-nuclei. The temperature and density trajecto- 



ries in W7 are different from thos e of the DD model 
adopte d in iHoward fc Meyen (|1992l ) and the parameter 
study (jHoward et al.lll991l ). The adopted s-process pat- 
terns are also different from the previous study. We in- 
vestigate the effects on productions of p-nuclei of (1) the 
different initial 12 C abundances which affect the explo- 
sive C-burning, (2) the uncertain initial abundance of 
22 Ne at the explosion, whose (a, n) reaction is an impor- 
tant neutron source for the s-process occurring during 
the He shell flashes, and (3) the different distributions in 
the s-process which provides initial seed abundances for 
the p-process. Our findings are summarized as follows. 

f. In all cases we considered, more than 50% of p- 
nuclides are co-produced at almost the same degree of 
enhancements with respect to their solar abundances. 
We find that SNe la can produce Mo and Ru p-isotopes 
~ 6-12 times more in Case Al than SNe II on the 
basis of the mean overproduction factor of p-nuclei, 
although the problem of the relative underproduction 
still remains. The patterns of p-nuclei obtained i n this 
stud y are different fr om th ose in lHoward fc Meverl (|1992[ ) 
and IHoward et al.l (|1991[ h reflecting the differences in 
temperature and density profiles and initial distribution 
of seed nuclei. In addition, it is confirmed that the p- 
process layer in this C-deflagration model shifts to a 
higher temperature region than that in SNe II. 

2. The effect of variable C/O ratio in the initial com- 
position of the CO WD on the p-nuclei yields is small. 
On the other hand, the effect of the initial 22 Ne abun- 
dances is large especially for 74 Se, 78 Kr, 84 Sr, and 92 Mo. 
If the initial 22 Ne is less abundant, the light p- nuclides 
are enhanced. In order to produce enough Mo and Ru 
p-isotopes, the abundance of 22 Ne smaller than the as- 
sumption in W7 model is expected. Initial abundances 
of various nuclides other than 12 C, 16 0, and 22 Ne consid- 
ered in this study also affect the p-process through sup- 
plies of neutron, proton, and a-particle emerging during 
the explosion. 

3. The effect of initial abundances of s-nuclei on the 
p-process is large. If the s-process efficiently contributes 
to the production of seed nuclei, yields of p-nuclei in- 
crease and relative yields of heavy p-nuclei are enhanced 
more than those of lighter ones. Such enhancement of 
s-nuclei is expected for the single degenerate scenario of 
the Chandrasekhar mass model, but not trivial in the 
double degenerate scenario. 

4. This result leads to a possibility that SNe la play an 
important role in the galactic evolution of p-nuclei. The 
p-nuclei are produced by a factor of ~ 1.2 more than 
56 Fe when normalized to the solar abundances. SNe la, 
therefore, may have contributed to the enrichment of 
p-nuclei more effectively than SNe II (about twice in 
Case Al). Our calculation involves an uncertainty in 
the initial abundances of nuclides (e.g., 22 Ne) in the C- 
deflagration model of the exploding CO WD. This has a 
great influence on abundances of background particles, 
i.e., protons, neutrons, and a-particles in the p-process 
nucleosynthesis. There is also an important uncertainty 
in the s-process in presupernova stars which affects ini- 
tial distributions of the s-nuclei and the remaining 22 Ne 
abundance. Studies of the s-process nucleosynthesis dur- 
ing the presupernova evolution of accreting WDs are nec- 
essary to clarify if the p-process in SNe la could really 



produce enough abundances of p-nuclei. Despite these 
uncertainties, the present study strongly suggests that 
SNe la, as well as SNe II, could be a probable produc- 
tion site of the solar p-nuclei. 
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Figure 2. Distributions of initial seed abundances relative to solar for Case A (a) and B (b) (Table0f, respectively. Filled circles indicate 
s-only nuclides. 
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Figure 5. Average overproduction factors (_F) normalized to _Fo for the p- nuclides as a function of mass number. The results of Cases Al 
and B (Table [3} are shown by filled circles and open squares, respectively. Horizontal solid and dashed lines correspond to (F)/Fo = 1 and 
(3, 1/3), respectively. 
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Table 1 

Initial Mass Fractions 
X of Seed Nuclei for 
Case A 



Nuclide 


Abundance 


32g 


1.92E-04 


33g 


1.03E-04 


34g 


7.35E-05 


36g 


4.99E-05 


35 CI 


3.79E-05 



Note. - (This ta- 
ble is available in its 
entirety in a machine- 
readable form in the on- 
line journal. A portion 
is shown here for guid- 
ance regarding its form 
and content.) 



Table 2 

Initial Mass Fractions 
X of Seed Nuclei for 
Case B 



Nuclide 


Abundance 


32g 


1.35E-04 


33g 


8.90E-05 


34g 


9.04E-05 


36g 


1.85E-04 


35 CI 


6.22E-05 



Note. - (This ta- 
ble is available in its 
entirety in a machine- 
readable form in the on- 
line journal. A portion 
is shown here for guid- 
ance regarding its form 
and content.) 



Table 3 

Initial Compositions and Average 
Overproduction Factors of p-nuclei 



Case 


X( 12 C) 


X( le O) 


X( 22 Ne) 


Fo 


Al 


0.475 


0.500 


0.023 


4657 


A2 


0.350 


0.625 


0.023 


4606 


A3 


0.700 


0.275 


0.023 


4777 


A4 


0.498 


0.500 


0.000 


7621 


B 


0.475 


0.500 


0.022 


250734 
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Table 4 

Average Overproduction Factors (F) Normalized to Fg for p-nuclei 



Nuclide Case Al Case A2 Case A3 Case A4 



74 Se 
78 Kr 
84 Sr 
92 Mo 
94 Mo 
96 Ru 
98 Ru 

102p d 

106 Cd 

108 Cd 
H3 In 

112 Sn 
114 Sn 
115 Sn 
l20 Te 

124 Xe 
126 Xe 
130 Ba 
132 Ba 
138 La 
!36Ce 
138 Ce 
144 Sm 
152 Gd 
156 Dy 

158 Dy 
162 Er 
164 Er 
168 Yb 

174 Hf 
180 Ta 
180 W 

184 Os 
190 Pt 

196 Hg 



1.05E+00 
3.67E-01 
5.78E-01 
1.81E-01 
1.32E-01 
1.80E-01 
5.12E-01 
2.09E+00 
1.82E+00 
1.47E+00 
2.04E-01 
1.68E+00 
1.64E+00 
1.06E-02 
1.98E+00 
2.74E+00 
3.41E+00 
4.23E+00 
3.07E+00 
9.54E-02 
7.69E-01 
8.03E-01 
6.36E-01 
1.40E-02 
2.81E-01 
9.64E-02 
3.81E-01 
9.33E-02 
1.14E+00 
8.10E-01 
4.36E-03 
1.49E+00 
2.61E-01 
1.23E-01 
6.54E-01 



6.87E-01 
2.96E-01 
5.19E-01 
1.74E-01 
1.35E-01 
1.73E-01 
5.21E-01 
2.15E+00 
1.81E+00 
1.51E+00 
2.34E-01 
1.76E+00 
1.68E+00 
1.43E-02 
1.99E+00 
2.88E+00 
3.16E+00 
4.41E+00 
3.17E+00 
1.21E-01 
7.75E-01 
7.87E-01 
6.59E-01 
1.55E-02 
2.55E-01 
9.79E-02 
3.40E-01 
9.14E-02 
1.07E+00 
8.46E-01 
7.04E-03 
1.51E+00 
4.12E-01 
1.16E-01 
6.39E-01 



1.74E+00 
5.01E-01 
7.68E-01 
1.84E-01 
1.27E-01 
1.83E-01 
4.95E-01 
2.00E+00 
1.79E+00 
1.42E+00 
1.71E-01 
1.59E+00 
1.58E+00 
7.36E-03 
1.92E+00 
2.59E+00 
3.58E+00 
4.01E+00 
2.90E+00 
6.30E-02 
7.53E-01 
7.96E-01 
6.06E-01 
1.29E-02 
3.18E-01 
8.55E-02 
4.21E-01 
9.05E-02 
1.15E+00 
7.63E-01 
2.32E-03 
1.49E+00 
9.82E-02 
1.23E-01 
6.51E-01 



2.81E+00 
4.98E+00 
6.59E+00 
5.46E-01 
7.66E-02 
1.39E-01 
3.11E-01 
1.26E+00 
1.15E+00 
8.83E-01 
1.06E-01 
9.94E-01 
1.02E+00 
2.70E-03 
1.23E+00 
1.58E+00 
2.51E+00 
2.43E+00 
1.77E+00 
9.24E-03 
4.59E-01 
5.03E-01 
3.63E-01 
8.20E-03 
2.58E-01 
5.05E-02 
3.22E-01 
4.65E-02 
7.23E-01 
4.69E-01 
2.06E-04 
8.67E-01 
1.19E-02 
8.92E-02 
4.36E-01 



Case B 



4.94E-02 
3.07E-02 
6.94E-02 
5.40E-02 
3.20E-02 
6.74E-02 
1.55E-01 
7.89E-01 
8.15E-01 
5.20E-01 
7.23E-02 
8.51E-01 
6.84E-01 
3.93E-03 
9.32E-01 
1.76E+00 
2.38E+00 
3.21E+00 
2.43E+00 
8.31E-02 
9.18E-01 
1.04E+00 
1.68E+00 
2.25E-02 
6.70E-01 
1.75E-01 
1.00E+00 
2.63E-01 
3.38E+00 
2.52E+00 
7.29E-03 
4.85E+00 
4.83E-01 
4.11E-01 
2.57E+00 



Note. — All values in respective columns are normalized to different 
Fq values, which are listed in Table [3] 
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Table 5 

Overproduction Factors of Ejecta X c j ccta /XQ for Stable Nuclei from C 
to Fe and p-nuclei 



Nuclide 


Abundance 


Nuclide 


Abundance 


Nuclide 


Abundance 


12 n 

Kj 


7.DDhj+UU 




1.79hj-U3 


74q„ 

Se 


3.53hj+U2 


13 n 


1.51F-08 


48 t-i 


1.15E-06 


78 


1.23F+02 


14 AT 

JN 


3.15F-0o 


45 c 
be 


l.UoF+01 


84c 
br 


1.94F+02 


15 AT 


3.49F-03 


1 1 


1.5oF+02 


3 Mo 


D.U7F+01 


16r\ 


l.OoF+01 


47rp- 

ll 


3.45F+00 


94 T\ j 

"Mo 


A A A TT^ 1 "1 

4.44F+01 




5.42F-05 


° 1 1 


1.05F+00 


96r> 


d.UdF+01 


18 r\ 
O 


1.51E-07 


Ti 


7.10E+01 


98r> 


1.72E+02 


19p 


5.20E-05 


"lOrn- 

ou Ti 


4.86E+00 


102 j 
u Fd 


7.03F+02 


20 AT 


j niTTi i r\r\ 

4.93F+00 


50ir 


D.59F+00 


UD Od 


D.13F+02 


21 "NT 


7.21E-03 


51 w 


5.01E+01 


108r^ j 


4.94E+02 


22 at 


8.3oF+(J0 


50 /~i 




113t 


D.85F+01 


23 AT 


3.91E-01 


Or 


3.76E+02 


112c 
Sn 


5.65E+02 


24n it 


3.24E+01 


53 /~i 

OJ Cr 


1.18E+03 


114c 


5.52F+02 




8.37F-02 


J Or 


5.00E+01 


115c 
J bn 


O F ^ I 1 f\f\ 

3.57F+00 


26 A T 

Mg 


2.24F-01 


55 Mn 


4.37E+02 


120t-i 
1c 


D.D4F+02 


27 A l 
Al 


8.26F+00 


54 


1.53F+03 


124m 


9.21F+02 


28 c- 
°bi 


"i tot? i r\ o 

1.78F+02 


56t7 


3.79F+02 


126m 


1.15F+03 


29 o- 
3 Si 


9.75E+00 


57t^ 

Fe 


2.80E+02 


130t> 


1.42E+03 


30 o • 


1.39E+02 


58 

00 Fe 


4.12E+01 


132 r> 

a Ba 


1.03E+03 


31 p 


1.51E+01 


59 /~i 

oa Co 


1.02E+02 


138 t 
100 La 


3.21F+01 


32 o 

s 


1.50F+02 


58 m- 


8.96F+02 


136<^< 
ou Oe 


2.59F+02 


33 c 


1.7oF+02 


60 m- 


4.08F+02 


138<^< 
°°Oe 


2.70F+02 


34 c 



6.61E+01 


61m- 
Ni 


5.41E+00 


144 c 
Sm 


2.14E+02 


36 g 


1.78E-01 


62 Ni 


7.06E+01 


152Q d 


4.70E+00 


35 CI 


3.44E+01 


64 Ni 


2.30E-01 


156 Dy 


9.44E+01 


37 C1 


2.21E+01 


63 Cu 


5.43E-01 


158 Dy 


3.24E+01 


36 Ar 


2.06E+02 


65 Cu 


3.02E-02 


162 Er 


1.28E+02 


38 Ar 


4.63E+01 






164 Er 


3.14E+01 


40 Ar 


3.59E-02 






168 Yb 


3.84E+02 


39 R 


1.51E+01 






174 Hf 


2.72E+02 


41 R 


1.90E+01 






180 Ta 


1.47E+00 


40 Ca 


4.97E+02 






180 W 


5.01E+02 


42 Ca 


3.81E+01 






184 Os 


8.78E+01 


43 Ca 


1.38E-01 






190 Pt 


4.12E+01 


44 Ca 


4.19E+01 






196 Hg 


2.20E+02 
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Table 6 

Relative Ejected Mass in One SN 
Event 



Type 


p-nuclei a 


16Qa 


56p e a 


SN II 


45 


188 


72 


SN la 


638 


15 


524 



Note. — As for values of 
SNe II, the IMF averages in 
Tsujimoto ct al. 1995 are used. 
a Values of M%/Xi q for nuclei i and 
average over p- nuclei. 



Table 7 

Contributions to the Galactic 
Contents of p-nuclci 



Type 


p-nuclci 


16 Q 


56 Fe 


SN II 


0.46 


2.0 


0.75 


SN la 


1 





0.82 



Note. — Ratios of masses 
that have ever been ejected in 
the Galaxy by two types of SN 
events to the corresponding so- 
lar mass fractions. Values are 
normalized so that the p-nuclci 
for SNe la are unity. 



